ABSTRACT 23
System memory consolidation is conceptualized as an active process whereby 24 newly encoded memory representations are strengthened through selective memory 25 reactivation during sleep. However, our learning experience is highly overlapping in 26 content (i.e., shares common elements), and memories of these events are organized in an 27 intricate network of overlapping associated events. It remains to be explored whether and 28 how selective memory reactivation during sleep has an impact on these overlapping 29 memories acquired during awake time. Here, we test in a group of adult women and men 30 the prediction that selective memory reactivation during sleep entails the reactivation of 31 associated events and that this may lead the brain to adaptively regulate whether these 32 associated memories are strengthened or pruned from memory networks on the basis of 33 their relative associative strength with the shared element. Our findings demonstrate the 34 existence of efficient regulatory neural mechanisms governing how complex memory 35 networks are shaped during sleep as a function of their associative memory strength. 36
37

SIGNIFICANCE STATEMENT 38
Numerous studies have demonstrated that system memory consolidation is an 39 active, selective, and sleep-dependent process in which only subsets of new memories 40 become stabilized through their reactivation. However, the learning experience is highly 41 overlapping in content and thus events are encoded in an intricate network of related 42 memories. It remains to be explored whether and how memory reactivation has an impact 43 on overlapping memories acquired during awake time. Here, we show that sleep memory 44 reactivation promotes strengthening and weakening of overlapping memories based on 45 their associative memory strength. These results suggest the existence of an efficient 46 regulatory neural mechanism that avoids the formation of cluttered memory 47 representation of multiple events and promotes stabilization of complex memory 48 
INTRODUCTION
55
Memory consolidation is conceptualized as a process triggered by a learning 56 experience whereby newly encoded representations transform into a robust and enduring 57 form (Eichenbaum, 2000) . It has been shown that sleep contributes to memory 58 consolidation processes (Diekelmann and flow during sleep and that this may influence the identity of memories that are 67 consolidated into long-term (Rothschild et al., 2017) . A critical assumption of the systems 68 level memory reactivation account during sleep is that this process is active (Diekelmann 69 and Born, 2010) and selective , and as such, only a subset of new 70 memories will become strengthened through their reactivation during sleep. However, 71 memories are not isolated in the brain. Since our daily learning experience is highly 72 overlapping in content, memory events are rarely encoded as individual memory traces. 73
Instead, memories that share features are linked in an organized and intricate network of 74 overlapping associated events (Eichenbaum, 2000) . Thus, although central to theories of 75 memory consolidation, it remains to be explored whether memory reactivation has an 76 impact on overlapping memories acquired during awake time (Lewis and Durrant, 2011) . propose, first, that selective memory reactivation during sleep entails the reactivation of 83 associated events (i.e., events that share features) acquired during awake time. And 84 second, that this may lead the brain to adaptively regulate whether these associated 85 memories are strengthened or pruned on the basis of their relative associative strength to 86 the shared element. Specifically, sleep memory reactivation would promote the 87 To address the extent to which sleep memory reactivation differentially 152 strengthened or weakened overlapping memories as a function of their associative 153 memory strength with the cue (X1) before sleep, we carried out a simple manipulation. We 154 changed the delay between the acquisition of the X1-X2 memories and the rest of the 155 phases of the experiment (i.e. X1-X3 encoding, sleep nap, and recall test). One group of 156 participants had no delay, and right after completing the X1-X2 phase proceeded with the 157 rest of the experiment (contiguous group). The other group waited 3hrs before the X1-X3 158 encoding task (delayed group). In line with the notion that memory strength decays as a 159 function of time (Hardt et al., 2013) , X2 memory locations in the delay group should be 160 less strongly associated with the X1 cue after encoding X1-X3 than in the contiguous 161
group. In the current experiment, memory strength was operationally defined 162 behaviourally as its likelihood of being recalled with an overlapping cue. Consequently, X2 163 memory locations should be less accessible to participants from the delay group in a recall 164
test. 165
Control experiment I. Testing memories before sleep. To test whether overlapping 166
memories would differ in their associative memory strength as a consequence of a 167 temporal delay between the two encoding tasks, we ran a separate behavioural control 168 experiment. In it, we asked two groups of participants to recall X2 item location given X1 169 item on the screen right after the X1-X3 encoding phase, corresponding to the moment 170 that precedes sleep in our main experiment. To also assess the level of interference of X1-171 X3 association in X1-X2 memories at a within-subject level, participants learned only half 172 of the X1-X3 associations (7 or 8, counterbalanced across subjects). Card pairs presented 173 during X1-X3 encoding were controlled so that they were equally representative of each 174 semantic category. studies, this approach, termed targeted memory reactivation (TMR), has been shown to be 181 suitable to investigating the effects of memory reactivation at the within-subject level 182 . This experimental approach has the advantage of addressing 183 the role of memory reactivation during sleep in a single-day experimental session in a 184 within-level design. It fits well to previous literature emphasizing that the impact of 185 memory reactivation on memory consolidation occurred during initial periods of sleep 186 (Bendor and Wilson, 2012) . However, it has the disadvantage that the participants' sleep is 187 inherently less comfortable than a standard night sleep in a bed. This disadvantage 188 ultimately impacts on the proportion of participants that need to be excluded from the 189 study because of sudden awakenings during the nap session (see Material and Methods -190 participants -sleep reactivation experiment). In contrast to previous research using TMR 191 experimental designs, we assessed here whether the presentation during sleep of sound 192 cues strongly linked to X1-X3 memories influenced participants' ability to remember their 193 overlapping memory X1-X2. Thus, as in the control experiment, but this time upon 194 awakening, we asked participants to recall each X2 item location given each X1 item on the 195 screen. Here, participants' ability to correctly recall X1-X2 memories as a function of 196 whether they were associated with X1-X3 memories whose sound was presented during instruments, and means of transportation (see Table 1 with the presentation of the first card (X1) followed 1 s later by the appearance of its 212 matching card (X2) presented for 2 s before both cards disappeared. The inter-trial 213 interval between card pair presentations was 2 s. Right after cards were revealed, 214 participants were presented with the first card of each pair (X1) and were asked to find 215 the matching card (X2) by clicking with the mouse on the correct location. Participants 216 were asked to withhold their response until the mouse cursor appeared (2 s after the first 217 card onset). After responding, participants received a 3 s feedback of the correct location. 218
Card pair presentations were organized in blocks in which each pair was presented once, 219 so each block always contained all 15 card pairs. The order of presentation of the card 220 pairs was randomized for each block. The encoding phase concluded when participants 221 correctly indicated the location of at least 14 matching cards within a block-that is, over 222 90% of responses correct (Diekelmann et al., 2011) . 223 X1-X3 encoding. Participants were requested to learn different new locations for 224 the same card pairs presented in the previous phase. They were presented with the same 225 grid and learning was conducted following the same procedure described above. The first 226 card of each pair was presented in the same location as in the initial encoding (X1), 227 functioning as the overlapping element between both encoding tasks. However, the second 228 card of each pair was located in a different location (X3) and a specific distinctive sound 229 accompanied each card pair presentation throughout the encoding phase (e.g., a pair of 230 dogs with a barking sound, see Table 1 ). Therefore each card pair new location (X1-X3) 231 was associated with a specific sound. The same learning criterion was used in this phase. 232
Contiguous group. After encoding memory X1-X2, participants were told that a new 233 encoding phase was about to begin. Participants were told that they could relax for 5 234 minutes and continue with the next encoding session. prevent abrupt changes during the reactivation protocol, we set a constant background 254 audio input consisting of white noise (35 dB sound pressure level). We also included arepetitive sound (i.e., birds) throughout the sleep session. The repetitive sound was 256 presented right from the beginning of the sleep session (even when the participants were 257 still awake) and served to ensure that the sudden appearance of an audio input wouldn't 258 awaken the participants or disrupt the ongoing sleep stage architecture. 259
The memory reactivation protocol began 22.04 minutes (SD = 7.54 minutes; see 260 Table 2 the presentation of a control sound (i.e., cymbals) that had not been presented previously 268 to the participants. This control sound was later used to study the EEG neural activity in 269 response to auditory cues triggering memory reactivation (target sounds), as opposed to 270 neural responses elicited by auditory input without associated memory content. 271
Reactivation was interrupted if signs of arousal or awakening were detected in the EEG. 272
The stimulation resumed after stable non-REM sleep was reestablished. The memory 273 reactivation protocol involved the presentation of sounds organized in rounds that 274 comprised 3 sounds in the following order: a 3-second target sound, a 3-second control 275 sound, and a 3-second repetitive sound with an interval of 5 seconds of only white noise 276 between sounds. Sounds were presented from the start of the sleep session and were 277 embedded within the background white noise. We delivered 35 rounds so that each of the 278 7 target sounds was presented 5 times (only one participant, included in the analyses, did 279 not complete the last round). White noise was presented throughout the sleep session and 280 stimuli were embedded in it with the same intensity. Afterwards, participants continued 281 sleeping with white noise until naturally waking up. Participants that did not wake up 282 naturally (n = 2) were woken up by the experimenter after completing 80 minutes from 283 the beginning to the end of the sleep session. After waking up, and in order to break sleep 284 inertia, participants were encouraged to talk and to have a snack and a beverage before 285 starting the next task (Source X1-X2 memory test). 286
Source X1-X2 memory test. After a further 5 min delay after the sleep session, 287 spatial locations for X1-X2 memories were tested. As in the pre-nap encoding phase, the 288 overlapping card from each pair was placed in the grid (X1), and participants were asked 289 to recall the position of the matching card learned during the X1-X2 encoding phase. This 290 time, no cards were revealed after the response, and the next trial started immediately 291 without any feedback. 292
Recognition memory test. Participants were presented with the overlapping card 293 from each pair placed in the grid (X1). After 2 s, the second card appeared either at X2 or 294 in a new location. Participants were requested to report whether the 2 nd card location 295 matched the one presented during X1-X2 encoding. Participants responded by pressing 'c' 296
Awareness test. Next, participants were asked to recall any sound that they might 298 have heard or noticed during their nap. The recall test was followed by a memory 299 recognition test. The recognition test allowed participants to recognize those sounds that 300 they might not have been able to recall previously (see Table 2 for individual data). Hence, 301 all 15 sounds were presented in random order and participants were asked to indicate 302 those they intuited as having been presented during reactivation. 303
Control experiment II. Targeted memory reactivation during awake. We 304
conducted an additional separate control experiment to test the possibility that the 305 observed behavioural memory effects were not sleep-specific. A similar experimental 306 protocol was thus implemented as in the contiguous group, but participants remained 307 awake while sound cues were presented. The same experimental design and procedure 308 described above for the encoding session, the X1-X2 source memory test and the 309 awareness test, was implemented in the same manner as in sleep reactivation group. The 310 targeted memory reactivation session, in contrast, took place while participants were 311 awake. In order to match the first minutes before the nap group fell asleep and started the 312 reactivation protocol, participants were instructed to close their eyes for 15 minutes and 313 not fall asleep while listening to the background noise which remained present again 314 throughout the entire session (white noise and repetitive sound, as in the nap group). 315
Whenever signs of sleepiness in the EEG recording were detected, participants were 316 verbally reminded to stay awake. After this 15-minute interval they were engaged in an N-317 back working memory task. Digits were visually presented in succession in the middle of 318 the screen. They were displayed for 500 milliseconds with a 2 s inter-trial interval. After 319 each presentation, participants were asked to indicate if the current digit and the one 320 before the previous (2-back task) were the 'same' (either both odd or even) or 'different' 321 (one odd and one even) by pressing the keyboard letter 'z' (to indicate 'same') or 'm' (to 322 indicate 'different'). Participants had unlimited time to answer and received a 500 ms 323 feedback after incorrect responses: "incorrect answer, pay more attention next time." 324 Participants were trained in the task for approximately 5 minutes while listening to 325 the background noise (white noise and repetitive sound). They then performed this task 326 for 20 min without feedback, while being exposed to the memory reactivation protocol. 327
Sounds were presented in the same succession as in the nap group (i.e., target, control, and 328 then repetitive sound) and were separated by a 5-second inter-trial interval. All 329 participants completed the reactivation protocol and therefore received the same number 330 of sound reactivations as the nap group. Each of these sounds was delivered after digit 331 presentation and before the question appeared. This way, we ensured that participants 332 were engaged in the distracting task at the moment the sounds were presented. Therefore, 333 participants were prevented from allocating attention to the sounds and rehearsing 334 previously learned associations. To match total time between encoding and memory test 335 for the sleep reactivation group, the memory reactivation protocol was followed by a low 336 arousal movie to complete the 65 minutes from the beginning of the nap session. Next, 337
participants performed the awareness test following the same procedure used in the sleep 338 reactivation group. 339 340
Experimental design and statistical analysis 341
In the current design we examined the extent to which sleep memory reactivation 342 differentially strengthened or weakened overlapping memories as a function of their 343 associative memory strength with the cue (X1) before sleep. To address this central 344 question in the behavioural data, we examined memory accuracy for X1-X2 memories at 345 Source X1-X2 memory test. 346
Memory recollection accuracy was calculated as the correct responses (hits) 347
divided by the total number of reactivated (N = 7) or non-reactivated associated memories 348 (N = 8). Memory recollection accuracy for X1-X2 locations in control experiment I was 349 calculated as the correct responses (hits) divided by the total number of interfered (7 or 8) 350
or non-interfered associated memories (7 or 8). We also looked for memory intrusions 351 Then, the largest negative half-waves were selected from SWS (stages 3 and 4) using a 383 threshold procedure applied to the SO signal. The negative half-wave detection was 384 chosen for the analysis due to the high degree of variability in the positive signal 385 deflections compared with the stability of the negative deflections (Riedner et al., 2007) . 386
The peak time of a half-wave found was used if the following criteria were fulfilled: (1) 387
The two ends of the half-wave were two succeeding zero-crossings of the slow wave 388 with a difference between conditions of p < 0.01, were detected. Using the value of the 405 cluster with the largest sum of absolute t values, we calculated the permutation 406 distribution, using 10,000 random samples. The test was two ways, and it had a critical 407 alpha value of 0.05. 408
409
RESULTS
410
Memory performance before sleep (control experiment I). In the recall test, the 411 delayed group showed overall a poorer ability for X1-X2 memories compared to the 412 contiguous group (main effect of group: F (1,38) = 6.94, p = 0.01, η 2 = 0.15) (Figure 2A ). Such 413 differences in memory recollection were independent of interference effects triggered by 414 encoding X1-X3 events that overlapped in content with X1-X2 events (main effect of 415 interference, F (1,38) = 20.27, p < 0.001, η 2 = 0.35, but no significant interference × group 416 interaction, F(1,38) = 0.33, p = 0.57, η 2 = 0.009). In addition, in the recognition test, we found 417 that non-interfered associations where better recognized than interfered ones 418 (recognition memory test; main effect of interference, F (1,38) = 10.10, p < 0.005, η 2 p = 0.21). 419
However, we did not find an overall differential pattern of memory accuracy between 420 groups (F(1,38) = 1.60, p < 0.21, η 2 p = 0.04). This suggests that differences observed in 421 participants' ability to retrieve X2 memory locations that were interfered with and those 422 that were not interfered with are susceptible to the retrieval processes engaged during the 423 test (i.e., recall and recognition). The ability to retrieve weaker memories associated to X1 424 cue is heavily impaired during recall but not during recognition tasks (Haist et al., 1992) . 425 Given the opposite pattern of behavioural results in the two sleep groups we 496 sought to examine whether different neural mechanisms could be involved during 497 memory reactivation. Thus, in this first analysis, we examined whether target sound cues 498 elicited changes in the pattern of SO and spindle activity and compared the results to those 499 SO and spindle patterns associated with the presentation of control novel sounds (i.e., 500 sounds that were never presented during encoding and that therefore were not linked to 501 any memory) interleaved during NREM sleep. 502
The analysis of the spindle activity showed a greater number of spindles elicited by 503 target sounds compared to control sounds (F (1,45) = 4.58, p = 0.03, η 2 p = 0.09), and also 504 showed that this increment was similar in the two groups (main effect of group F1,45=.03; p 505 increase in the beta band (15-30 Hz) upon memory competition during awake periods 535 which was predictive of the degree of memory forgetting to competing memories during 536 retrieval stages (Hanslmayr et al., 2012) . Thus, in this experiment, we predicted similar 537 theta power changes elicited by target sound cues in both the contiguous and the delayed 538 groups, while changes in the beta band would be observed only in the delayed group. 539
Notably, we found that, when compared to control sound, target sounds enhanced theta The present study provides the first evidence that selective memory reactivation 583 during sleep entails the reactivation of overlapping memory events acquired during awake 584 time. Our findings showed that targeted memory reactivation during sleep could either 585 promote the strengthening or the weakening of the associated memories as a function of 586 whether they were encoded contiguously or delayed, respectively, in a previous awake 587
time. 588
Our experimental design required participants to learn a set of overlapping events 589 and to encode them either contiguously (5 min) or delayed (3 hours) in time. Our first 590 control experiment in which memories were tested right after the encoding of the second 591 set of events showed that delay between encoding phases effectively impoverished the 592 ability to recall the first set of encoded events in the delayed encoding group. Thus, 593 confirming that our experimental manipulation led to strongly and less strongly 594 associated memory representations on the basis of their ability to be recalled by the cue. 595
In a second experiment, we show that the reactivation of a subset of memories during 596 subsequent sleep led to a differential recall ability in a later test upon awakening. More 597 concretely, we found an enhanced recall of strongly associated memories (contiguous 598 group) but an increased forgetting for the less strongly associated memories (delayed 599 group) that were reactivated during sleep in a following recall test. Finally, our work also 600 demonstrated the engagement of different neural oscillatory responses in the theta (3-601 8Hz) and beta (15-30Hz) range upon memory reactivation during sleep that relates to 602 whether memories would be subsequently remembered or forgotten. These results 603 suggest the recruitment of an additional regulatory neural mechanism for weakening 604 competing associated memories upon reactivation during sleep. 605
Note, however, that the use of the term 'weakening' is not meant to imply that 606 traces are being deleted completely from memory. Rather, we refer to a mnemonic 607 regulation process in which their accessibility is reduced in a graded manner. This graded 608 pattern of accessibility might especially manifest in conditions under which successful 609 retrieval requires a qualitatively greater reinstatement of the event, such as during a recall 610 but not during a recognition task (Haist et al., 1992) . Indeed, participants' performance in 611 a subsequent recognition test did not show memory modulations of the associated 612 memories linked to sound cues presented during sleep. 613
A limitation of our study is the lack of behavioural data about participants' ability 614 to retrieve the association learned in the second encoding session (i.e., X1-X3). This test 615 was not conducted to avoid possible bias to X1-X2 retrieval performance on the test, 616 which was the main focus of the study. Indeed, previous studies have shown that the act of 617 retrieval influences how associated memories are later retrieved (Anderson et al., 1994) . 618
Noteworthy, future studies testing X1-X3 as well as X1-X2 memories in a between-subject 619 design would help assess whether the theoretical account tested here was indeed specific 620 to overlapping associations and their associative strength with the reactivated memory or 621 could be applied to weak vs. strong memory representations in general. If the latter was 622 the case, then impaired performance of X1-X2 in the delayed group could also be 623 interpreted as the result of a higher interference effect at the time of retrieval due to 624 stronger X1-X3 associations boosted by TMR. However, the fact that the 625 electrophysiological activity differed between groups during TMR suggests that, in our 626 study, an additional neuronal mechanism is being implemented during sleep reactivation 627 in the delayed group. The presence of beta frequencies in the delayed group suggests it is 628 unlikely that the changes in performance are forged only during the retrieval test, lending 629 support to the idea that the weakening of X1-X2 in the delayed group is, at least, initiated 630 during sleep reactivation, as we discuss below. 631 Finally, our experimental approach cannot disentangle the effects of the non-sleep 632 dependent consolidation process that may have already taken place for X1-X2 memories 633 in the delay group given that they were encoded earlier in the day as compared to X1-X2 634 memories encoded in the contiguous group. Testing for this possibility in future 635 investigation would be important to tighten the role of associative memory strength as a 636 neural property to explain the effects of sleep memory reactivation on complex memory 637
networks. 638
The current results support the existence of a link between memory reactivation 639 and memory consolidation. The idea that memory reactivation is central in memory 640 consolidation during NREM sleep has received extensive support at the mechanistic level 641 from electrophysiological findings demonstrating rhythmic thalamocortical activity at 12-642 15 Hz (termed 'spindles') (Contreras et al., 1996) , which is coupled to patterns of fast 643 oscillations in the hippocampus (~200 Hz). This activity is associated with memory replay 644 (termed 'ripples') (Buzsáki, 1998 compared to control sounds presented in an interleaved fashion during target re-655 exposure. However, these SO patterns of change were similar in the contiguous and 656 delayed groups. Thus, if the SO pattern of activity is indicative of memory reactivation 657 during sleep, the fact that target sound cues induced similar changes in SO in both groups 658 suggests that a successful but similar memory reactivation took place during sleep. This 659 raises the interesting question as to whether other neural mechanisms upon successful 660 memory reactivation may in fact account for how overlapping memories are either 661 strengthened or weakened during sleep. In line with this reasoning, we found a 662 concomitant, albeit dissociated contribution of neural oscillatory responses in the theta 663 and beta bands to the contiguous and delayed group. Thus, while theta activity elicited by 664 target cues was similar in the two groups of participants, neural responses in the beta 665 range were only elicited by target sounds in the delayed groups. Therefore, the fact that 666 the same stimulation protocol during sleep elicited distinct neural oscillatory responses in 667 each experimental group provides important insights about the differential nature of the 668 mechanisms involved during memory reactivation. In the context of the currentexperiment, we speculate that the emergence of neural oscillatory activity in the beta band 670 may be a correlate of the recruitment of additional regulatory brain mechanisms 671 necessary to resolve memory competition occurring between memories reactivated in the 672 delay group. Indeed, previous EEG findings revealed a consistent increase in the beta band 673 (15-30Hz) upon memory competition during awake periods which was predictive of the 674 degree of memory forgetting to competing memories during retrieval stages (Hanslmayr 675 et al., 2012) . Because of trial number limitations in the current experiment, it was not 676 possible to assess whether such beta response also predicted remembered as opposed to 677 forgotten trials at the within-subject level. Therefore, further studies are required to 678 tighten the link between beta band activity and memory reactivation during sleep. 679
Forgetting seems disadvantageous but plays an essential role in maintaining the 680 efficiency of memory operations (Anderson, 2003) . Previous studies have examined the 681 impact of controlled retrieval on forgetting, whereby executive control processes inhibit 682 or suppress undesirable memories competing for retrieval (Benoit and Anderson, 2012) . 683
However, we show that forgetting can operate at the expense of executive control but as 684 an adaptive and unsupervised mechanism triggered during sleep memory reactivation. 685
Our results are in line with earlier (Crick and Mitchison, 1983) and recently revisited (Poe, 686 2017) frameworks emphasizing the role of sleep in memory weakening of noisy 687 information. The current study provides the first behavioural evidence of memory loss, 688 potentially due to the reactivation of weak associated memories during sleep. This might 689 count as an efficient strategy to prevent the consolidation and integration of unreliable 690 memories that may likely be related to irrelevant events previously acquired during 691 awake time (Kim et al., 2014; Poe, 2017) . 692
In addition, this idea would help bridge the gap between the active systems 693 consolidation view (Diekelmann and Born, 2010 ) and the synaptic homeostasis hypothesis 694 (SHY) (Tononi and Cirelli, 2006) . The former explains sleep driven memory benefit as a 695 result of selective synaptic strengthening of memories by the 're-activation' or response of 696 neural activity patterns of the corresponding newly encoded experience. In contrast, the 697 SHY explains sleep memory benefits as a result of a general synaptic downscaling that 698 nullifies the weight of weakly potentiated synapses and ensures the survival of only the 699 'fittest' circuits (i.e., strong circuits). The extent to which the effects observed here relate 700 to one or both mechanisms requires further investigation. Future studies may also 701 incorporate longer periods of sleep including long portions of REM sleep, as this sleep 702 stage has been suggested as underlying several neurochemical responses associated with 703 forgetting during sleep (Poe, 2017) . The current data as well as previous studies (Antony 704 
